Background: TREM2 is a DAP12-coupled receptor associated with neurodegenerative diseases. Results: Co-expression of DAP12 increased the level of TREM2 C-terminal fragment (TREM2-CTF) which suppressed the release of pro-inflammatory cytokines. Conclusion: A major function of DAP12 is to stabilize TREM2-CTF, which regulates inflammatory responses in microglia. Significance: Our studies unraveled a novel function of DAP12 and provided new link between TREM2/DAP12 complexes and neuroinflammation.
Triggering receptor expressed on myeloid cells 2 (TREM2) is a DAP12-associated receptor expressed in microglia, macrophages, and other myeloid-derived cells. Previous studies have suggested that TREM2/DAP12 signaling pathway reduces inflammatory responses and promotes phagocytosis of apoptotic neurons.
Recently, TREM2 has been identified as a risk gene for Alzheimer disease (AD). Here, we show that DAP12 stabilizes the C-terminal fragment of TREM2 (TREM2-CTF), a substrate for ␥-secretase. Co-expression of DAP12 with TREM2 selectively increased the level of TREM2-CTF with little effects on that of full-length TREM2. The interaction between DAP12 and TREM2 is essential for TREM2-CTF stabilization as a mutant form of DAP12 with disrupted interaction with TREM2 failed to exhibit such an effect. Silencing of either Trem2 or Dap12 gene significantly exacerbated pro-inflammatory responses induced by lipopolysaccharides (LPS). Importantly, overexpression of either full-length TREM2 or TREM2-CTF reduced LPS-induced inflammatory responses. Taken together, our results support a role of DAP12 in stabilizing TREM2-CTF, thereby protecting against excessive pro-inflammatory responses.
Triggering receptor expressed on myeloid cells 2 (TREM2) 4 is an innate immune receptor expressed on the surface of a subset of myeloid cells, including macrophages, dendritic cells, osteoclasts and microglia (1) (2) (3) . Human TREM2 consists of an ectodomain, a transmembrane region and a short cytoplasmic tail lacking any signaling motifs. It requires a signaling adaptor protein DNAX-activating protein of 12 kDa (DAP12, also known as KARAP or TYROBP), bearing an immune-receptor tyrosine activation motif (ITAM), to initiate the signaling pathways (4) . The endogenous ligand for TREM2 has yet to be identified and its signal transducing mechanisms are largely unknown. Homozygous loss-of-function mutations in the TREM2 gene result in Nasu-Hakola disease (NHD), an autosomal recessive disorder, or polycystic lipomembranous osteodysplasia with sclerosing leukoencephalopathy (PLOSL). NHD is characterized by bone cysts, bone fractures, late-onset dementia, demyelination, and cerebral atrophy with widespread activation of microglia (5) . Recently, genetic screenings have also identified heterozygous missense mutations in the TREM2 gene as risk factors for Alzheimer disease (AD), Parkinson disease (PD), frontotemporal dementia (FTD), and amyotrophic lateral sclerosis (ALS) (6 -9) . Together these studies indicate that TREM2 is likely a general risk gene for multiple neurodegenerative diseases.
TREM2 is a type I transmembrane protein mainly expressed in microglia cells within the brain. In association with another transmembrane protein DAP12, TREM2 regulates critical functions of microglia including inhibition of pro-inflammatory responses and stimulation of phagocytosis of apoptotic neurons (3, 10 -12) . In addition to TREM2, several other recep-tors of the TREM receptor family, including TREM1, also associate with DAP12 (13) . Given TREM1, in contrast to TREM2, serves as a critical amplifier of inflammatory signaling (14, 15) , DAP12 could modulate either a pro-inflammatory or anti-inflammatory response depending on the upstream receptor partner. Importantly, DAP12 has been identified as a master regulator of the molecular networks that are perturbed in lateonset AD patients (16) .
Neuroinflammation induced by microglia activation is an important pathological feature and an early event in the pathogenesis of AD (17) (18) (19) (20) . Genome-wide association studies also provide evidence of the role of inflammation in AD (21) (22) (23) .
Mounting evidence now implicates both TREM2 and DAP12 as key regulators of immune-responses within microglia. However, it remains largely unknown how DAP12 and TREM2 coordinate to execute their important physiological and pathophysiological functions. Recent studies have shown that TREM2 undergoes a two-step proteolytic cleavage similar to that of the amyloid precursor protein (APP) (24) . The APP intracellular domain (AICD), generated from ␥-secretase cleavage of APP C-terminal fragments, has been reported to regulate the expression of various genes involved in regulating neuronal or disease-related pathways (25) . Whether the TREM2 fragments function similarly to APP fragments and whether DAP12 affects the level and function of TREM2 fragments remain unknown.
Herein, we confirmed that TREM2-CTF, which was generated through extracellular shedding of TREM2, serves as a substrate for the ␥-secretase. Intriguingly, we observed that the level of TREM2-CTF, but not that of full-length TREM2, was significantly increased upon co-expression of DAP12 in both HEK293T and microglial BV2 cells. In the presence of DAP12, the turnover rate of TREM2-CTF was significantly reduced. However, the DAP12 D50A mutation, which abolishes its physical interaction with TREM2, failed to stabilize TREM2-CTF. Silencing of either Trem2 or Dap12 gene exacerbated lipopolysaccharides (LPS)-stimulated inflammation in microglial BV2 cells. In contrast, overexpression of full-length TREM2 or a TREM2-CTF variant reduced the LPS-induced expression of pro-inflammatory cytokines. Our studies illuminate a novel function of DAP12 in stabilizing TREM2-CTF, which protects against the deleterious pro-inflammatory responses induced by LPS, and provide a functional link between TREM2/DAP12 signaling and neuroinflammation.
Experimental Procedures
Reagents and Antibodies-␥-Secretase inhibitor DAPT as well as protein synthesis inhibitor cycloheximide were purchased from Sigma. ␥-Secretase inhibitor Compound E was purchased from Millipore. Primers for cloning and quantitative RT-PCR were synthesized by Life Technologies. Restriction enzymes were purchased from Fermentas. SYBR Green for quantitative RT-PCR was purchased from Roche. Antibodies used in this study are as follows: mouse anti-c-Myc (9E10), rabbit anti-HA, mouse IgG, and rabbit IgG (Santa Cruz Biotechnology); rabbit anti-GFP (Proteintech); goat anti-mouse IgG, and goat anti-rabbit IgG antibody conjugated with horseradish peroxidase (Thermo).
cDNA Constructs-The following vectors were used in this study: TREM2-Myc, TREM2-CTF-Myc, DAP12-Myc, TREM2-GFP, DAP12-GFP, DAP12 D50A-GFP. For cloning these constructs, both TREM2 and DAP12 specific primers containing each tag sequence as needed were designed and used to amplify the TREM2 or DAP12 cDNA. The PCR products were digested with BamHI and XhoI and ligated into pcDNA3.1 or pEGFP-N1 vector. The HA-TREM2-Myc plasmid contains a HA tag at the N terminus immediately following the signal peptide and a Myc tag at the extreme C terminus. All constructs were verified by sequencing.
Cell Culture-Human embryonic kidney cell line (HEK293T) and the immortalized murine microglial cell line BV2 cells were grown in Dulbecco's modified Eagle's medium (DMEM) (Hyclone) supplemented with 10% heat-inactivated fetal bovine serum (Gibco) and 1% penicillin streptomycin solution (100 units/ml penicillin, 100 g/ml streptomycin; Invitrogen) at 37°C in a humidified atmosphere containing 5% CO 2 .
Cell Transfection-Cells were grown to 80% confluence and transfected with Turbofect Transfection Reagent (Thermo) according to the manufacturer's instruction. After 4 h, cells were transfected with another plasmid for co-expression experiments. Medium was changed 4 h after the final transfection. For BV2 cells, plasmids were transfected using Amaxa Cell Line Nucleofector Kit T (VCA-1002, Lonza).
Western Blotting-Cells were harvested with Nonidet P-40 lysis buffer (1% Nonidet P-40, 50 mM Tris-HCl, pH 8.0, 150 mM sodium chloride supplemented with protease inhibitors mixture) 24 h post-transfection. Protein concentrations were determined using the BCA protein assay kit according to the manufacturer's instruction (Thermo). Equal amounts of total proteins were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to PVDF membrane (Millipore). Proteins were visualized using ECL Western blotting detection reagents (Millipore). Immunoreactive bands were quantified using ImageJ software.
Cell Surface Biotinylation-A previously described protocol was used for the cell surface biotinylation assay (26) . Briefly, cells were washed twice with ice-cold phosphate-buffered saline containing 1 mM CaCl 2 and 1 mM MgCl 2 and then incubated twice with 0.5 mg/ml NHS-SS-biotin (Pierce) for 20 min at 4°C. Cell lysates were prepared in Nonidet P-40 lysis buffer (1% Nonidet P-40, 50 mM Tris-HCl, pH 8.0, 150 mM sodium chloride supplemented with protease inhibitors mixture). After affinity precipitation with streptavidin beads (Pierce), biotinylated proteins were eluted with sample buffer and subjected to SDS-PAGE, followed by Western blot analysis.
Co-immunoprecipitation-HEK293T cells were co-transfected with TREM2-Myc and wild-type (DAP12 WT-GFP) or mutant (DAP12 D50A-GFP) DAP12 plasmids. Twenty-four hours after transfection, cells were lysed in Nonidet P-40 lysis buffer (0.5% Nonidet P-40, 50 mM Tris-HCl, pH 8.0, 150 mM sodium chloride supplemented with protease inhibitors). Lysates were immunoprecipitated using antibodies against mouse IgG, mouse anti-Myc antibody, rabbit IgG, or rabbit anti-GFP antibody, followed by immunoblotting with antibody against the Myc or GFP epitope.
Immunofluorescence Staining-Cells were transfected with indicated plasmids. Twenty-four hours after transfection, cells were washed three times with PBS and fixed for 15 min with 4% paraformaldehyde and then permeabilized with 0.2% Triton X-100 for 5 min. All solutions were made in PBS. After 3 rinses with PBS, cells were blocked in 5% bovine serum albumin (BSA) for 30 min at room temperature and incubated with appropri-ate primary antibodies for 1 h. Cells were then washed twice in 0.1% Tween-20 (0.1% PBST) for 10 min and incubated for 30 min with secondary antibodies conjugated to Alexa Fluor-488 or Alexa Fluor-594 (Life Technologies). Fluorophorelabeled cells were further stained with DAPI for 1 min and then washed twice in 0.1% PBST for 15 min. Coverslips were mounted on glass slides using antifade reagent (Life Tech-FIGURE 1. Co-expression of DAP12 with TREM2 increases the level of TREM2-CTF. A, HEK293T cells were transfected with TREM2-Myc in combination with vector control or DAP12-GFP. Cells were harvested 24 h after transfection and the lysates were analyzed by Western blotting. The levels of TREM2 and DAP12 were detected by antibodies against the Myc or GFP epitope, respectively. Blots with ␣-Tubulin in this and subsequent figures serve as loading controls. Bar graph to the right shows the quantification of Western blots as ratios of TREM2-CTF/FL (n ϭ 4). **, p Ͻ 0.01. B, HEK293T cells were transfected with TREM2-GFP in combination with vector control or DAP12-Myc. Cell surface proteins were biotinylated with sulfo-NHS-biotin followed by precipitation with streptavidin beads. Biotinylated proteins were eluted with SDS-PAGE sample buffer and subjected to Western blotting. Bar graphs to the right show the quantification of Western blots as either relative levels of TREM2-FL or TREM2-CTF/TREM2-FL ratios on the cell surface (n ϭ 3). ns, not significant; ***, p Ͻ 0.001. C, BV2 cells were transfected with TREM2-Myc in combination with vector control or DAP12-GFP. Cell lysates were collected at 24 h post-transfection. The levels of TREM2 and DPAP12 were detected by antibodies against Myc or GFP epitope, respectively. Bar graph to the right shows the quantification of Western blots as ratios of TREM2-CTF/TREM2-FL (n ϭ 3). **, p Ͻ 0.01. nologies) and observed using OLYMPUS FV10-ASW confocal microscope.
Quantitative RT-PCR-Total RNAs were extracted from BV2 cells using TRIzol reagent (Invitrogen). One microgram RNA was reverse-transcribed into first-strand cDNA using ReverTra Ace qPCR RT Master Mix (TOYOBO) according to the manufacturer's protocol. Quantitative PCR was performed using the FastStart Universal SYBR Green Master (Roche). The primer sequences for Trem2, Dap12, Il-1␤, Il-6, and ␤-actin were as followed: Trem2-
RNA Interference-siRNA at a concentration of 300 nM was transfected into BV2 cells using Amaxa Cell Line Nucleofector Kit T (VCA-1002, Lonza). Cells were harvested 48 h post-transfection followed by RNA extraction and quantitative RT-PCR analysis. The siRNA sequences for Trem2 and Dap12 were as followed: Trem2 siRNA1: 5Ј-CCAGUCCUUGAGGGUGUCAUGUACU-3Ј; Trem2 siRNA2: 5Ј-ACCCUUGCUGGAACCGUCACCAUC-A-3Ј; Dap12 siRNA1: 5Ј-CCAAGAUGCGACUGUUCUU-3Ј; Dap12 siRNA2: 5Ј-GGUGUUGACUCUGCUGAUU-3Ј.
Statistical Analyses-Statistical analyses were performed with GraphPad Prism. Unpaired t test, one-way ANOVA test or two-way ANOVA test was used. Data are presented as mean values from at least three independent experiments (ϮS.E.). To classify and indicate significant values, the following p values were used: *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001.
Results

Co-overexpression of TREM2 and DAP12 Increases the Level of TREM2-CTF-To determine how DAP12 regulates TREM2
expression and processing, we first co-expressed TREM2-Myc with DAP12-GFP in HEK293T cells. We detected a band for the full-length TREM2 (TREM2-FL) protein at about 38 kDa and a lower molecular mass species at about 15 kDa, which is consistent with the size of the C-terminal fragment of TREM2 (TREM2-CTF) ( Fig. 1A) . Intriguingly, we observed significantly elevated levels of TREM2-CTF but not TREM2-FL when TREM2-Myc was co-expressed with DAP12-GFP ( Fig. 1A) . Furthermore, biotinylation experiments demonstrated a selective accumulation of TREM2-CTF at the cell surface when DAP12 was co-expressed in HEK293T cells (Fig. 1B) . Given TREM2 is predominantly expressed in microglia in the brain (27) , we sought to further confirm our findings in the immortalized murine microglial cell line BV2, a model frequently used for in vitro studies of microglial functions (28, 29) . Consistent with our findings in HEK293T cells, the level of TREM2-CTF was significantly elevated in the presence of DAP12 co-expression in BV2 cells (Fig. 1C ). TREM2 localization in the presence or absence of DAP12 was further visualized with a specific antibody against the C-terminal Myc tag. TREM2 was localized mainly in punctate structures in the absence of DAP12. Upon DAP12 co-expression, the majority of TREM2 or its CTFs were co-localized with DAP12 leading to foci formation ( Fig. 2A) . Consistent with previous findings that TREM2-CTF is a substrate for the ␥-secretase (24), we observed an increased amount of TREM2-CTF after treatment with ␥-secretase inhib- 
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itor Compound E or DAPT (Fig. 2B ). To examine potential presence of TREM2-ICD, we also tested an alternative TREM2 construct with a larger C-terminal tag, TREM2-GFP. Indeed, we observed a band at about 30 kDa, consistent with the putative size of the TREM2 intracellular domain (TREM2-ICD) fused to GFP (Fig. 3A) . Consistent with a ␥-secretase processing product, the level of this putative TREM2-ICD was significantly decreased upon treatments with ␥-secretase inhibitor Compound E or DAPT. Interestingly, the level of this putative TREM2-ICD was increased upon DAP12 co-expression, likely reflecting a result of TREM2-CTF stabilization by DAP12 (Fig.  3B ). Together, these results in multiple cell types suggest that DAP12 stabilizes TREM2-CTF and its related TREM2 processing products.
Stabilization of TREM2-CTF by DAP12 Requires Their
Interaction-The interaction between TREM2 and its signaling adaptor protein DAP12 is mediated by charged amino acid residues within their respective transmembrane domains (13, 30 ). An aspartic acid in the transmembrane domain of DAP12 allows its association with TREM2 via an electrostatic interaction. As such, we sought to determine whether interaction between TREM2 and DAP12 is required for DAP12-mediated increases in the level of TREM2-CTF. We mutated the aspartic acid residue at position 50 of DAP12 to an alanine, thus eliminating its interaction with TREM2 ( Fig. 4A) . While co-expression of TREM2 and wild-type DAP12 in HEK293T cells increased the level of TREM2-CTF, the DAP12 D50A mutant failed to exhibit such an effect (Fig. 4B) . These results suggest that the interaction between TREM2 and DAP12 is required for the function of DAP12 in stabilizing TREM2-CTF.
DAP12 Stabilizes TREM2-CTF by Suppressing Its Turnover-Given TREM2-CTF arises from the proteolytic shedding of the ectodomain and undergoes subsequent processing by the ␥-secretase, the increased levels of TREM2-CTF by DAP12 could be explained by two alternative pathways: either a DAP12-mediated increase in TREM2-CTF protein stability or an enhanced ectodomain processing of the full-length TREM2/ decreased cleavage of TREM2-CTF by the ␥-secretase. To further explore the mechanism, we generated a TREM2 construct containing a HA tag at the N terminus immediately following the signal peptide and a Myc tag at the extreme C terminus. This allows for the detection of both soluble TREM2 (sTREM2) and TREM2-CTF derived from ectodomain processing of the full-length TREM2. As shown in Fig. 5A , the level of sTREM2 did not differ in the absence or presence of DAP12 co-expression. The ␥-secretase inhibitor Compound E blocked TREM2-CTF processing to similar extent in both the absence and presence of DAP12 (Fig. 5B ). Together, these data suggest that the increased level of TREM2-CTF in the presence of DAP12 is unlikely due to enhanced ectodomain processing of the fulllength TREM2 or decreased cleavage of TREM2-CTF by the ␥-secretase. To examine the effect of DAP12 on the stability of TREM2-CTF protein, we performed protein turnover assays by treating cells for different periods of time in the presence of a protein synthesis inhibitor CHX in HEK293T cells. DAP12 co-expression had minimal effect on the half-life of the full-length TREM2; however, DAP12 significantly increased the half-life of TREM2-CTF (Fig. 5C ). This effect of DAP12 requires an interaction with TREM2 as co-expression of the mutant DAP12 (D50A) did not affect the level or half-life of TREM2-CTF (Fig. 5C ). Together, these results indicate that co-expression of DAP12 increases the level of TREM2-CTF by reducing its turnover rate.
TREM2-CTF Suppresses the Pro-inflammatory Responses in Microglial Cells-As we observed a function of DAP12 in stabilizing TREM2-CTF, we sought to explore their potential physiological functions in microglial cells. Previous studies have demonstrated that TREM2 negatively regulates Toll-like receptor-induced inflammatory cytokine production (11, 12, 31) . DAP12 signaling was reported to play either an inhibitory (32) or a stimulatory role (33) in the macrophage response to microbial products. To clarify their functions, we first examined the effects of Trem2 or Dap12 silencing on cytokine production. We found that knockdown of either Trem2 or Dap12 gene in microglial BV2 cells significantly increased the mRNA levels of pro-inflammatory cytokines IL-1␤ and IL-6 in the presence of LPS (Fig. 6 ), suggesting that TREM2 and DAP12 inhibit pro-inflammatory responses upon LPS stimulation in microglia cells. To address the physiological function of TREM2-CTF, we generated a TREM2 construct lacking the TREM2 ectodomain (⌬21-163). Expression of this TREM2 construct revealed a band on SDS-PAGE at ϳ15 kDa, consistent with the predicted size of the TREM2-CTF fused to a C-terminal Myc tag (Fig. 7A) . Immunofluorescence localization experiment showed that both full-length and this C-terminal frag- JUNE 19, 2015 • VOLUME 290 • NUMBER 25 JOURNAL OF BIOLOGICAL CHEMISTRY 15871 ment of TREM2 co-localized extensively with Golgi markers, including giantin and TGN46 (Fig. 7B ), in line with the previous reports of TREM2 subcellular localization (34) . Similar to the effect of full-length TREM2, overexpression of TREM2-CTF in BV2 cells significantly decreased the mRNA levels of pro-inflammatory cytokines IL-1␤ and IL-6 in the presence of LPS (Fig. 7C) . These results suggest that TREM2-CTF stabilized by DAP12 inhibits LPS-induced inflammation in microglia cells. . DAP12 stabilizes TREM2-CTF by suppressing its degradation. A, HEK293T cells stably expressing HA-TREM2-Myc (scheme) were transfected with wild-type (DAP12 WT-GFP) or mutant (DAP12 D50A-GFP) DAP12 plasmids. Conditioned medium was collected 24 h post-transfection and precipitated with trichloroacetic acid (TCA). Cells were harvested and the lysates were analyzed by Western blotting. sTREM2 in the conditioned medium was detected by Western blotting with an anti-HA antibody. The levels of TREM2 and DPAP12 in the cell lysates were detected by antibody against the Myc or GFP epitope, respectively. Bar graph to the right shows the relative protein level of sTREM2 in the medium (n ϭ 3). ns, not significant. B, HEK293T cells were transfected with TREM2-Myc in combination with vector control or DAP12-GFP. After 16 h, cells were incubated with 500 nM Compound E or vehicle control. Bar graph to the right shows the quantification of Western blots as ratios of TREM2-CTF/TREM2-FL, which was calculated by subtracting the TREM2-CTF/TREM2-FL ratio in the absence of Compound E from the TREM2-CTF/TREM2-FL ratio in the presence of Compound E (n ϭ 3). ns, not significant. C, HEK293T cells were co-transfected with TREM2-Myc and wild-type (DAP12 WT-GFP) or mutant (DAP12 D50A-GFP) DAP12 plasmids. Cells were treated with 500 nM CHX for indicated time periods (hour, hr). Bar graphs to the right show the relative levels of TREM2-FL or TREM2-CTF (n ϭ 3). The relative signal intensities of TREM2-FL and TREM2-CTF at various time points were normalized to the "0" time point. ***, p Ͻ 0.001.
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Discussion
In this study, we provide strong evidence that DAP12 stabilizes TREM2-CTF by interacting with TREM2 and reducing its turnover rate. To our knowledge, this is the first report indicating an alternative role of DAP12 beyond its known function in mediating TREM2 signaling. As both the full-length TREM2 and the TREM2-CTF exhibit inhibitory functions in pro-inflammatory responses in microglial cells, our studies have strong implications for the molecular mechanisms by which DAP12 partners with TREM2. Within the brain, TREM2 and DAP12 are predominantly expressed in microglia, the tissue-resident macrophage in the central nervous system (3, 27) . TREM2 lacks cytoplasmic signaling elements but contains charged residue(s) in the transmembrane domain that facilitates its association with DAP12 for signal transduction. It has been demonstrated that DAP12coupled TREM2 signaling promotes the phagocytosis of apoptotic neurons (3, 35) and inhibits the production of pro-inflammatory cytokines (10, 11) . However, it remains largely unknown how DAP12 and TREM2 coordinate to execute their important physiological functions. As TREM2 is readily shed by ADAM10 to generate sTREM2 and TREM2-CTF (24, 36) , it is unknown whether DAP12 continues to associate with TREM2 upon its shedding. Our current studies provide strong evidence that DAP12 stabilizes TREM2-CTF, suggesting that TREM2 retains its ability to partner with DAP12 even upon shedding to carry out its downstream signaling function.
Reliable TREM2 antibodies that specifically detect endogenous TREM2 are lacking; therefore, our current study on TREM2 relied primarily on overexpression systems. Nevertheless, our data provide a mechanistic insight by showing that DAP12 specifically stabilizes the C-terminal fragment of TREM2 ( Figs. 1 and 5C ). The presence of DAP12 has minimal effects on the level of soluble TREM2 or the activity of the ␥-secretase (Fig. 5, A and B) . Therefore, the increased level of TREM2-CTF by DAP12 could not be explained by either the enhanced ectodomain processing of the full-length TREM2 or the decreased ␥-secretase cleavage of TREM2-CTF. Instead, DAP12 dramatically extended the half-life of TREM2-CTF by slowing its degradation (Fig. 5C ). The increased level of TREM2-CTF by DAP12 reduced the production of pro-inflammatory cytokines, in line with the important functions of TREM2/DAP12 signaling (Fig. 7C ). As shown in Fig. 2B , the presence of ␥-secretase inhibitor increased the amount of FIGURE 7. TREM2-CTF reduces LPS-induced pro-inflammatory cytokine production. A, BV2 cells were transiently transfected with TREM2-FL-Myc or TREM2-CTF-Myc and harvested for protein analysis 24 h post transfection. B, BV2 cells were transiently transfected with TREM2-FL-Myc and TREM2-CTF-Myc for 24 h. Following immunostaining with antibodies to TGN46, Myc or Giantin, cells were observed by fluorescence confocal microscopy with representative staining shown. Scale bar: 10 m. C, cells from panel A were treated with 500 ng/ml LPS or vehicle control for 6 h. RNA was extracted and the relative mRNA levels of IL-1␤ and IL-6 shown as a bar graph were determined by quantitative RT-PCR (n ϭ 4). ␤-Actin was used as an internal control. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001. TREM2-CTF. It would be interesting to examine if the increased level of TREM2-CTF by ␥-secretase inhibitor could restrain the production of pro-inflammatory cytokines. However, such studies have potential caveats as ␥-secretase has multiple substrates including Notch, APP, and TREM2; therefore, potential modulatory effects of ␥-secretase inhibitor on inflammation might be difficult to interpret. As TREM2-CTF plays important roles in regulating inflammatory responses within microglia, it would be intriguing to further study the cellular regulation of TREM2-CTF by defining its trafficking pathways and identifying proteases involved in its degradation. Although beyond the scope of the current report, such studies could help to identify novel therapeutic targets to treat potentially harmful effects of neuroinflammation in neurodegenerative diseases.
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It remains unknown how the full-length and the C-terminal fragments of TREM2 regulate the transcription of inflammation-related genes. Previous reports have shown that multiple type I transmembrane proteins, including APP and Notch, exhibit regulatory functions on gene expression after sequential proteolytic processing (37) . Specifically, following cleavage by sheddases, namely ␣-secretase, ␤-secretase, or furin, their C-terminal fragments undergo subsequent cleavage by the ␥-secretase to release their intracellular domains (ICDs), which can often translocate into the nucleus to regulate the expression of target genes (38 -40) . In future studies, it would be intriguing to investigate whether the full-length TREM2, TREM2-CTF, and/or TREM2-ICD regulate the expression of inflammatory genes through a related mechanism.
Recently, rare heterozygous mutations in TREM2 have been identified by genome-wide association studies that increase the risk of late-onset AD (LOAD) (6, 7) . Similar associations have been reported in other AD cohorts (41) (42) (43) and in other neurodegenerative diseases, including FTD, PD, and ALS (6 -9), demonstrating that TREM2 is a general neurodegenerative disease risk gene. Although DAP12 has been identified as a master regulator of the molecular networks that are perturbed in LOAD patients, there are yet reports on the potential association of DAP12 mutations with AD (16) . In our study, we provided evidence that a mutation (D50A) that abolishes the electrostatic interaction between TREM2 and DAP12 compromises the ability of DAP12 to stabilize TREM2-CTF. Therefore, it would be of interest to study whether pathogenic mutations within the TREM2 and DAP12 genes that are associated with various neurodegenerative diseases abolish the interaction between TREM2 and DAP12. In this regard, it is interesting to note that a mutation within the transmembrane domain of TREM2 (K186N), which potentially disrupts the interaction between TREM2 and DAP12, is associated with Nasu-Hakola disease (44) .
Taken together, data from our current study demonstrate a novel function of DAP12 in stabilizing the C-terminal fragment of TREM2 which protects against the deleterious inflammatory response induced by pro-inflammatory stimuli. We herein provide a new mechanistic insight into the functional link between TREM2/DAP12 receptor complex and neuroinflammation. Our results likely have implications for the molecular mechanism by which DAP12 regulates and mediates the functions of TREM family members that interact with DAP12. Finally, our studies also provide insights into mechanism-based therapies for neurodegenerative diseases.
